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ABSTRACT

A single-stage investigation of a slotted rotor was conducted as part
of an overall program to evaluate the effect of slots on the performance
of highly loaded compressor rotor and stator blade rows. The test rotor
blades were 65-series airfoils having a calculated unslotted D-factor
loading of 0.51 and an inlet relative Mach number of 0.833 at a radial
station 10% of the span from the blade tip. For design equivalent rotor
speed, the slotted rotor achieved a maximum adiabatic efficiency of

88.5% and a corresponding pressure ratio of 1.29.
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SECTION I
SUMMARY

A single-stage investigation of a slotted rotor was conducted as part
of an overall program to evaluate the effect of slots on the performance
of highly loaded compressor rotor and stator blade rows. The test rotor
blades were 65-series airfoils and had a calculated unslotted blade
D-factor loading of 0.512 and an inlet relative Mach number of 0.833 at
a radial station 10% of the span from the blade tip. The rotor blades
were slotted at approximately 50% chord; the slots extended from 5% to
45% span from the tip and from 50 to 90% span in each blade. The single-
stage rig had a hub/tip ratio c¢f 0.8, and the rotor tip diameter was about
40 in. The rotor blades had a constant chord length of 2.21 in., an
aspect ratio of 1.71 and solidity of 1.15 at the mean radius. Design

rotor tip velocity was 935 fps.

For design equivalent rotor speed the slotted rotor achieved a
maximum adiabatic efficiency of 88.5% and a corresponding pressure ratio
of 1.29. The measured D-factor values corresponding to maximum efficiency
flow conditions were approximately 0.48 at the root and tip and 0.40 at
midspan. Measured deviation angles were essentially the same as the pre-
dicted unslotted blade deviation angles in the midspan and tip regions,
and approximately 6 degrees greater than the predicted deviation angle at
the hub. Measured loss coefficient was comparable to the predicted un-
slotted blade loss coefficient at 30, 50, and 70% span locations, and was

greater than the predicted loss at 10 and 90% span.

Comparison of the slotted rotor loss and D-factor loading character-
istics for high incidence conditions with correlated NASA rotating cas-
cade minimum loss incidence data indicates that the slot configuration for
this investigation was effective in the achievement of loss levels equal
to or less than those indicated by the NASA design curves for D-factor

loading from 0.50 to 0.70.
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SECTION II
INTRODUCTION

Pratt & Whitney Aircraft is engaged in a program under NASA Con-
tract NAS3-7603 to investigate the application of slots to rotors and
stators. A systematic investigation is being conducted to establish
the feasibility and extent to which slotted blade concepts can be used
to increase allowable blade loadings and the stable operating range of
compressor stages. To accomplish this objective, three stator blade
rows and three rotor blade rows have been built for test. Tests with
stators use a representative state-of-the-art rotor to generate the

stator inlet flow.

An aerodynamic analysis and design of the test blading and associated
hardware were accomplished under the design phase of the program (Ref-
erence 1).* All rotors and stators were designed with the same rotor
exit and stator inlet absolute velocities and air angle distributions
to permit testing of any combination of rotor and stator. It was assumed,
for design purposes, that the flow deviation angles for slotted rotors
and stators would be approximately one-half the values normally used for
unslotted blades. As part of the design effort, a series of annular
cascade tests with slotted stators was conducted to establish preliminary
criteria for the design of slotted rotors and stators for the rotating
stage test program (Reference 2). Data and performance results obtained
with the first slotted rotor configuration of the series are presented

in Reference 3.

This report presents the data and performance results obtained with
the second slotted rotor configuration (Rotor 2) which has a higher loading
level than Rotor 1. Rotor 2 blading was designed with 65-series airfoil
sections and had calculated design tip values of D-factor loading and
inlet relative Mach number (without slots) of 0.512 and 0.833, respectively.
The rotor blades were slotted at approximately 50% chord; the slots ex-
tended from 5 to 45% span, and from 50 to 90% span (from the tip) in each

blade. A set of inlet guide vanes was used to establish the whirl

*References are given in Appendix C.
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distribution into the test rotor. One of the test stator configuratioms,
prior to slotting, was employed to remove some of the exit swirl. A set

of exit guide vanes was used to remove the remaining exit swirl.

Overall performance and blade element data were obtained at 50, 70,
and 100% of the design equivalent rotor speed. Blade element data were
obtained at five radial locations behind each of the three blade rows,
and rotating stall measurements were obtained at each of the three rotor
speed conditions. Rotor wake surveys at five spanwise locations, using
a hot-film anemometer, were obtained at choke, near-stall, and approxi-

mately maximum efficiency flow conditions at each rotor speed.

Details of the test equipment, procedures, and test results for the
slotted Rotor 2 test configuration are presented in this report. Some
design details are also included herein for convenience. Reference 1

gives further aerodynamic and mechanical design information.

I1-2




Pratt & Whitney Rircraft
PWA FR-2111

SECTION III
TEST EQUIPMENT

A, FACILITY

The compressor test facility is shown schematically in figure III-1%.
The compressor rotor is powered by a single-stage drive turbine using
exhaust gases from a J75 slave engine. The drive turbine speed is regu-
lated by a hydraulically actuated inlet flow control valve. The slave

engine exhaust is also used to drive a two-stage exhaust-ejector system.

Air entered the compressor test rig through a 103-ft combined inlet
duct, plenum, and bellmouth inlet, and exhausted through an exit diffuser
to the atmosphere. A 7-degree diffuser in front of the inlet plenum
ensured uniform flow conditions across the plenum, and an area contraction
ratio from plenum to compressor inlet of approximately 10:1 provided
essentially stagnation conditions in the plenum. The inlet duct and
plenum were mounted on a track and could be rolled away from the com-
pressor rig inlet to facilitate configuration changes. The plenum was
sealed to the compressor rig inlet section with an inflatable rubber

tube seal.
B. COMPRESSOR TEST RIG

The compressor rig, shown in figure III-2, comprises bellmouth inlet,
test section, and exhaust section. The test section has a hub/tip ratio
of 0.8 and a rotor tip diameter of approximately 40 in. The rotor assembly
and shaft are supported on two bearings that transmit loads to the outer
case through struts located in the inlet and exhaust case assemblies.
The test section has a split outer case that permits guide vane, rotor,
and stator assembly changes without removing the rig from the test stand.
A set of motor-driven throttle vanes is located in the exhaust case to

vary flow rate.

A section view of the flow path is shown in figure III-3. Flow
is accelerated through the inlet strut station and guide vanes in a
convergent passage to the rotor inlet. Thereafter, the inner wall
diameter remains constant at 32.85 in. while the outer wall converges

further through the rotor blade and stator vane rows to a diameter of

%A1l illustrations will be found in Section VII.
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40 in. 1In general, the flow path is designed to simulate the middle-

stage environment of a state-of-the-art multistage compressor.

Provisions were made for end wall bleed at the rotor tip and stator
root and tip, as shown in figure III-4. Bleed air flowed through per-
forated plate shrouds, shroud manifolds, and 24 approximately equally
spaced tubes to individual main collector manifolds for the rotor and
stator. The collector manifolds exhausted through the facilities ejector
system, Rotor and stator bleed flow rates were controlled and measured

separately.
C. STAGE BLADING DESIGN

To expedite this research program, the aerodynamic and mechanical
design of the blading was completed and fabrication initiated prior to
the completion of the annular cascade program. Final slot configurations

were based on the results of the cascade tests.
1. Inlet Guide Vane

The inlet guide vanes were designed to provide a rotor prewhirl
distribution of 16.6 deg at the root (907 span) to 18.2 deg at the tip
(10% span). NACA series-400 blade sections were chosen for this purpose.

Details of the guide vane design are presented in table III-1.
2. Rotor 2

a. Blade Design

Slotted Rotor 2 blading was designed with a camber distribution of
36.0 deg at the root (90% span) to 18.1 deg at the tip (10% span). NACA
series-65 blade sections were selected for the rotor blades because this
series of airfoil has adequate thickness for slots, suitable loading
distribution, and is capable of operating in the required Mach number
range Gﬂtip = 0.8). It was assumed, for design purposes, that slots
would reduce the flow deviation angle approximately one-half the normal
values. Slotted rotor blade trailing edge metal angles were established
in accordance with this assumption. Design D-factor loading at the
rotor tip was 0.590 for the slotted blading and 0.512 for the same

blading without slots (i.e., with full deviation).

I11I-2
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Solidity, thickness ratios, and aspect ratios for the selected series
airfoils were representative of the middle stage of a state-of-the-art

compressor. Details of the rotor design are presented in table III-1,
b. Slot Design

Rotor 2 slot geometry and location were based on the results of pre-
liminary annular cascade tests of slotted stator vanes and an analysis

of Rotor 2 suction surface boundary layer separation (References 1 and 2).

The selected slot geometry was similar to a preferred slot geometry
determined in the annular cascade program. Blade thickness at the inter-
section of slot centerline and blade meanline was selected as an approximate
scaling parameter to scale the slot size from the oversize (6.5-in. chord)
annular cascade vanes to the 2.21 in. chord Rotor 2 blading. The angle
between slot centerline and blade meanline was held constant over the
Rotor 2 blade span; that is, the slot followed the twist of the blade.

The slot spanwise position and geometry variables with corresponding

dimensions at root, mean, and tip sections are presented in [igure III-5.

The slot centerline intersected the blade suction surface at 50% chord,
approximately halfway between the minimum pressure point and the calculated
separation point. This slot location was determined under the annular cas-

cade tests to be superior to an alternative location near the separation point.

The resulting slotted blade configuration is shown in figure III-6.
3. Stator

Three stators having unslotted root D-factor loading levels of 0.52,
0.60, and 0.70 were designed for evaluation of slotted stators under the
contract program (Reference l1). The stators are 65-series airfoil sections.
The stator having the lowest of the three loading levels (Stator 1,

D = 0.52) was selected for use behind the slotted rotors. Even though
this stator was unslotted for these tests, it was considered to have an
incidence range that would not limit slotted rotor evaluation., The
selected stator had a constant equivalent circular arc camber of 30 deg
and was untwisted. Because the annular cascade test results (Reference 2)
indicated that slots did not produce the assumed decrease in deviation

angle, the stator was installed behind slotted Rotor 2 with a blade chord

II1-4
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angle of 32 deg instead of the original design blade chord angle of
37.2 deg. This stagger angle was so selected to ensure that stator
minimum loss incidence would occur within the expected range of rotor
exit angle. Additional details of the stator design are presented in

table III-1.
D. INSTRUMENTATION

Instrumentation was provided for overall and blade element performance
measurements for each blade row. Axial locations of instrumentation
stations are indicated in figure I11-3, and schematics showing the detailed
instrumentation at each axial location are presented in figures III-7 through

III-10.
1. Rig Inlet Conditions

Weight flow was measured with an ASME standard thin plate orifice

located in the inlet duct.

Six static pressure taps and six temperature probes were located in
the plenum chamber for measurement of inlet total pressure and tem-

perature.

Six equally spaced static pressure taps were located on both the
inner and outer walls upstream of the inlet guide vanes (Station 0).
From a rig calibration over a wide range of weight flows, a calibration
between these static pressures was derived and used to check subsequent

weight flow measurements.
2. Guide Vane Exit/Rotor Inlet - Station 1

A sectional view of the flow path at Station 1 showing the circum-
ferential and radial location of instrumentation is presented in fig-
ure III-7. Rotor inlet air angle measurements were obtained at two
circumferential locations with 20-deg wedge traverse probes. A 20-tube
wake traverse probe, approximately aligned with the average guide vane
exit air angle, was installed to measure guide vane wake total pressure
distribution. Four static pressure taps were located on both the inner
and outer wall. An 8-deg wedge traverse probe was used for measurement

of radial static pressure distribution. The wedge probes and static

III-5



Pratt & Whitney Rircraft
PWA FR-2111

pressure taps were located approximately along extensions of guide vane
midchannel lines. The guide vane trailing edge was oriented to keep the
instrumentation locations used for Rotor 1 testing along midchannel stream-

lines. Redundant static and mid-passage total pressure data were available

from the 20-deg wedge probe.
3. Rotor Exit/Stator Inlet - Station 2

A sectional view of the flow path showing the circumferential and
radial location of instrumentation at Station 2 is presented in fig-
ure III-8, Two 20-deg wedge traverse probes were used for air angle,
total pressure, and total temperature measurements. Three sets of Kiel
head total pressure probes were located at radial positions corresponding
to 30 and 50%. Two sets of Kiel probes were located at 10, 70, and 90%
span. The probes were circumferentially located so that each set approxi-
mately averaged the pressures across a guide vane wake. A set of Kiel
head temperature probes were located at 10, 30, 50, 70, and 90% span

positions to provide a check against the 20-deg wedge probe temperature

measurement. Four static pressure taps were located on both the inner
and outer wall. An 8-deg wedge traverse probe was used for radial static

pressure measurement.,
4, Stator Exit - Station 24

A sectional view of the flow path showing circumferential and radial
location of instrumentation at Station 2A is presented in figuvre III-9.
Stator exit air angle was measured with a 20-deg wedge traverse probe.

A 20-tube rake traverse probe was used for measurement of stator vane wake
total pressure distribution., Four static pressure taps were located on both
the inner and outer wall, and an 8-deg wedge traverse probe was provided

for radial static pressure measurement.
5. Station 3

Station 3 is one chord-length farther from the stator exit plane
than Station 2A. Instrumentation at this station (figure III-10) included
two 20-deg wedge traverse probes, one 8-deg wedge traverse probe, four
sets of Kiel head total pressure probes at 10, 30, 50, 70, and 90% span
location, three sets of Kiel head temperature probes at the same five span

locations, and four static pressure taps on both the inner and outer wall.

I11-6
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Stage exit total temperature was based on the Kiel head probe temperature
measurements at Station 3. Data obtained from the other instrumentation

at this station were generally used for comparison with the Station 2A

data.

6. Description of Probes

Details of the 20-deg and 8-deg probes, wake probe, and Kiel pressure
and temperature probes are shown in figure III-11., The wedge probe con-
tained side pressure pickups for air angle measurement, a total pressure

pickup and a total temperature pickup.

The wake probe contained 20 total pressure pickups formed by 0.042 inch

OD hypo tubing and spaced as shown in the figure,.
7. Instrumentation Readout

Traverse probe data (total pressure, static pressure, air angle, total
temperature, and radial travel) were recorded on magnetic tape at the rate
of 60 samples (2.5-in. probe travel) per minute. Steady-state pressure
measurements were obtained using a scannivalve multichannel pressure trans-
ducer system that includes automatic data recording on IBM cards. Kiel
probe temperatures were indicated on a precision potentiometer, and

manually recorded.

Plenum pressures, three OD static pressures at Station O, primary and
bleed system flow-measuring-orifice pressures, and three Station 3 midspan
Kiel probe pressures were recorded on manometer tubes in the test stand

control room to permit setting the desired flow conditions.
8. Special Instrumentation
a. Rotating Stall Instrumentation

Three Kistler (601A) pressure transducers were installed at Station 2
for rotating stall measurement (figure II1I-8). Transducer output was

recorded on a CEC VR-2800 tape recorder.
b. Rotor Wake Instrumentation

Rotor wake surveys were obtained with DISA 55479 hot-film anemometer
probe, located as shown in figure III-8. Anemometer output voltage was
recorded on a VR-2800 tape recorder., The hot-film probe is shown in

figure III-12.

ITI-7
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c¢. Rotor Exit Boundary Layer Instrumentation

Rotor exit end wall boundary layer total pressure profiles were
measured to set bleed flow rates using a three-hole cylindrical yaw probe
having a 3/4-in. tip (dimension between sensing ports and probe tip) and
a diameter of 3/8 in. Total pressure and radial travel were recorded on

an x-y plotter.
d. Rotor Speed

Rotor rpm was measured with an electromagnetic pickup mounted adjacent
to a 60-tooth gear on the rotor shaft. Gear tooth passing frequency was
displayed as rpm on an Anadex digital readout system. A closed loop con-

trol system maintained rotor speed within approximately * 1%.
e. Stress Measurements

Five rotor blades and five stator vanes were instrumented with strain
gages to monitor and record torsional and bending stresses. Strain gage

locations on a typical instrumented rotor blade are shown in figure III-13.
f. Vibration

Displacement pickups were mounted on forward and rear sections of the

compressor rig outer case to monitor rig vibration.
g. Bleed Flow Rate

End wall bleed flow from the rotor and stator blade rows was measured
by means of standard ASME thin plate orifices located in the respective

bleed manifold exhaust ducts.

I11-8
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SECTION 1V
PROCEDURES

A. TEST PROCEDURE
1. End Wall Bleed Flow Rate Selection
a. Rotor Bleed

With the compressor operating at design speed and flow conditions, the
three-hole yaw probe was traversed between O and 207 span at Station 2
behind the rotor for each of three bleed flow settings. The three settings
corresponded to near-zero, half of maximum, and maximum bleed flow rates.
The bleed flow rate selected was that which produced the most significant
improvement in total pressure profile as indicated on the x-y plotter.

The valve setting for this bleed flow rate was not changed at other rotor

speed and flow conditions.
b. Stator Bleed

With the rotor end wall bleed set at the selected rate, the procedure
described above was repeated for the stator. The 20-tube wake probe was
positioned at 10 and 90% span locations, and the effect of boundary layer
bleed on the stator wake pressures was monitored on manometers. The valve
setting corresponding to the bleed flow rate that produced the most
significant improvement at either span location at design speed and flow

conditions was selected for the test program.
2. Stress Survey and Rotating Stall Tests

A stress survey program was conducted to define the stress and vibra-
tion characteristics of the slotted rotor over the operating range and
in the stall regions. Blade stresses were monitored and recorded along
the choke line, along an assumed operating line, and into the stall region
at five rotor speed conditions. Fixed instrumentation was recorded at a
sufficient number of speed and flow conditions to define the overall operating

range between choke and stall and between 50 and 110% design speed.

Kistler transducer data were recorded during the excursions into stall

along each speed line to define rotating stall patterns.

Iv-1
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3. Overall and Blade Element Performance Tests

Overall and blade element performance data were obtained at three rotor
speed conditions (50, 70, and 100% of design speed) and a sufficient number
of points per speed line to define rotor and stage performance between choke
and stall. The near-stall test point was determined on the basis of strain
gage output and stage exit total pressures indicated on manometers. At
each speed and flow set point, the fixed pressure and temperature instru-
mentation data were recorded five times, corresponding to five discrete
radial locations of the inlet guide vane and stator vane wake probes.
Traverse data were usually recorded during the last recording of fixed
instrumentation. In this manner, representative average values of flow
and pressures could be determined for the time period (approximately 45 min)

of data recording at each point.
4, Rotor Wake Surveys

Rotor wake surveys were obtained following the recording of blade
element and overall performance data at choke, approximately maximum
efficiency, and near-stall conditions on each of the three speed lines.
Hot-film anemometer output was recorded as the probe was traversed from

the inner to the outer wall behind the rotor.

B. DATA REDUCTION PROCEDURES

Data reduction was accomplished in three steps using three computer
programs. The first step involved conversion of raw data to engineering
units. Traverse data (total pressure, static pressure, total temperature,
and air angle), obtained at approximately 0.04-in. increments across
the span, were automatically plotted (as well as tabulated). The plotted
and tabulated data were reviewed to identify and eliminate any obviously

questionable data prior to the subsequent data reduction step,
The second data reduction step accomplished the following:
1. Mach number corrections to temperature data
2. Mass average of wake probe data

3. Circumferential arithmetic average of fixed and traverse

instrumentation data
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4. Correction of all pressure and temperature data to NASA

standard day ambient conditions

5. Selection by interpolation of total and static pressure,
total temperature, and air angle values at specified radial

locations for input for the final data reduction step.

All corrected data were available for further inspection in the printed
results from this computer program, which included individual data values
as well as averaged quantities. The third step in the data reduction
procedure involved calculation of overall and blade element performance

parameters, which are defined in the following paragraphs.
2. Parameter Calculation
The following overall and blade element performance parameters were

calculated for the analysis of test data and the evaluation of slotted

Rotor 2 performance. Symbols are defined in Appendix A.
a. Overall Performance
(1) Weight Flow

Weight flow is presented in terms of corrected weight flow, defined

as

w\/@
s

where:

w = actual (orifice) weight flow

9 = ratio of total temperature (plenum) to NASA standard

sea level temperature

b= ratio of total pressure (plenum) to NASA standard

sea level pressure.

Values of corrected weight flow presented in the figures and tables
include rotor and stator bleed flow rates. Percentage bleed flow rates

for the respective blade rows are tabulated separately (table B-1).
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(2) Pressure Ratio

Pressure ratios were calculated for the rotor, guide vane-rotor, and
guide vane-rotor-stator blade row combinations. Behind the rotor, fixed
Kiel head and traverse probe total pressure data were arithmetically

averaged at each span location and the profile thus defined was mass-flow

averaged across the span.

Behind the guide vane and stator, the wake probe pressures were first
mass-flow integrated at each span location, and the resulting average pres-

sures were than mass-flow averaged in the radial direction.
(3) Adiabatic Efficiency

Adiabatic efficiency across the rotor is defined as

-1
-P- ‘y
—£ .1
P
Nad = =
ad Ta
— -1
T
where:
Ti = mass averaged pressure behind the guide vane
T, = 518.7°R
?é = mass averaged pressure behind the rotor
T3 = mass averaged temperature behind the stator.

To obtain adiabatic efficiencies for the guide vane-rotor combination or

for the entire stage, appropriate average pressures were used.
b. Blade Element Performance
(1) Diffusion Factor

Diffusion factor for the rotor is defined as

' 1
I X
Vl 20'Vl

Diffusion factor for the stator is defined as

Doy v Bl -
V2 ZO'V2
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(2) Deviation
Rotor blade deviation is defined as

o

8y T By T Ky

Stator deviation is defined as
Son = Boa T Kpp

where xé and KZA are the rotor blade and stator vane trailing edge metal

angles based on equivalent circular arc camber lines for the 65-series

airfoil.

(3) Incidence Angle

Rotor incidence angle is defined as
iml =Bi -Ki

Stator incidence angle is defined as
im2 =By - Ko

where’(i and K, are the rotor blade and stator vane leading edge metal
angles based on the equivalent circular arc camber lines for the 65-series

airfoil.
(4) Total Pressure Loss Coefficient
Total pressure loss coefficient for the rotor is defined as

) - )
P - P

-_— -—
Ya-2) =
Pp-p

where (—) refers to mass-averaged wake total pressure.

For the inlet guide vanes, total pressure loss coefficient is defined

as _
14.69 - Pl
@ = —
(0 -1) dq
where q, is obtained from isentropic flow relationships using orifice weight

flow and the annular area at the guide vane inlet.
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Total pressure loss coefficient for the stator is defined as

Py = Poa

Za =
(2-28) P, -op,
(5) Loss Parameter

Rotor total pressure loss is also presented in terms of the loss

parameter,

— '
%Kl _ 9 cos Bz
20
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SECTION V
RESULTS AND DISCUSSION

Slotted Rotor 2 performance was evaluated on the basis of pressure rise
and efficiency characteristics as functions of rotative speed and weight
flow, as wecll as blade element diffusion factor, deviation, and loss coefficient
as functions of incidence angle. Slotted rotor performance results are com-
pared with (1) predicted unslotted rotor performance and (2) available NASA
rotating cascade performance results. Guide vane exit and stator inlet
air angles are compared with the respective calculated design radial dis-
tributions., Overall and blade element experimental performance parameters
and bleed flows as well as blade element vector diagram data for the guide
vane, rotor, and stator are tabulated in Appendix B, The results of stress
surveys, rotating stall measurements, and rotor wake surveys are included

under the discussion of rotor performance.
A, OVERALL PERFORMANCE

Overall performance is presented in terms of efficiency and pressure
ratio versus corrected main orifice weight flow, wv@—/é, and corrected
specific weight flow, w\ﬁ;/éA , in figure V-1, V-2, and V-3, for rotor,
guide vane-rotor, and guide vane-rotor-stator combinations. Each figure
contains the performance results obtained at the three test rotor speed
conditions. Values of corrected airflow obtained from integration of flow
profiles downstream of the rotor and stator are compared with the main
orifice measured values minus bleed flow in figure V-4. The figure shows

that agreement within 0 to -7% was obtained for the majority of data points.

As reported in Reference 1, the design efficiency and pressure ratio
for Rotor 2 are 90% and 1.35, respectively, without slots (normal deviation
angles) and 91% and 1.42, respectively, with slots (reduced deviation angles)
at a design flow of 99 1lb/sec. Because it was learned from the annular
cascade test results (Reference 2) and the test results obtained with slotted
Rotor 1 (Reference 3) that the selected slot design does not produce the
assumed reduction in deviation angle, the test results reported herein are

compared with the calculated design performance without slots.
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For the design equivalent rotor speed, a maximum efficiency of 88.5%
was obtained with a corresponding pressure ratio of 1,29, at a flow rate
slightly higher than the design flow rate of 99 lb/sec. At design flow

conditions the efficiency and pressure ratio were 86% and 1.30, respectively,
compared with the predicted values of 90% and 1.35.

The guide vane-rotor performance characteristics in figure V-2 indi-
cate that guide vane total pressure loss had a negligible effect when com-
pared with rotor performance in figure V-1. The stage performance (guide
vane-rotor-stator) in figure V-3 shows the effect of stator loss on stage
efficiency and pressure ratio when compared with the guide vane-rotor
performance in figure V-2. The design rotor speed maximum efficiency was
decreased from 88.5% to 83.5% and the pressure ratio corresponding to

maximum efficiency decreased from 1.29 to 1.27.
B. BLADE ELEMENT PERFORMANCE
1. Inlet Guide Vane

Inlet guide vane exit air angle distributions are presented in fig-
ure V-5 for representative design speed line test data. Air angle data
obtained with each of the two 20-deg wedge probes are identified by symbol,
and the design air angle distribution is shown for comparison. The
average measured air angle is within about 1.0 degree of the predicted

value over the entire span.

Inlet guide vane vector diagram and blade element data are presented

in table B-2.
2. Rotor
a. Rotor Inlet Conditions

Rotor inlet relative Mach number and air angle radial distributions
for the design speed data points are presented in figure V-6. Calculated
design point distributions are shown for comparison. The design Mach number

distribution is within the range of measured values from choke to stall.

At the weight flow corresponding to maximum efficiency (WJ576 = 101,31
1b/sec), the inlet relative air angle distribution is within 1 or 2 degrees
of the design distribution. Design incidence would be attained at a flow

of about 98 lb/sec.
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b. Loss Coefficient; Deviation; D-factor

Blade element performance data obtained at rotor design equivalent
speed are presented in terms of loss coefficient, deviation, and D-factor
versus incidence in figures V-7 through V-11. Each figure corresponds to
one spanwise location. Calculated design values of loss coefficient,
deviation, and D-factor (without slots) are shown in the figures for com-
parison with the slotted rotor data. The measured D-factor loading levels
are generally lower than the corresponding predicted wvalues in the middle
of the blade (30, 50, and 70% span positions). The measured D-factor is
slightly higher than the predicted value at 90% span from the tip, and
equal to the predicted value 107 span from the tip. Slotted Rotor 2 devia-
tion values are approximately the same as the predicted values at 10, 30,
50, and 70% span locations and six degrees greater than the predicted
values at 907 span. Measured loss coefficients are approximately the same
as the predicted values in the middle of the blade, and significantly
higher than the predicted values at the hub and tip. The corresponding
hub and tip efficiencies are low compared to the midspan value, as seen in

table B-2.

Blade element parameters for the three speed lines are combined in fig-
ures V-12 through V-16 to show the general consistencey of the data. Rotor
tip inlet relative Mach number varied between about 0.37 and 0.84 over the
rotor speed and flow range. An apparent Mach number effect on loss co-
efficient can be seen at all five span locations. The 50 and 70% speed
values are consistently lower than the 100% speed values. Furthermore,
the 100% design rotor speed loss coefficient data exhibit a narrower
incidence angle range than that formed by the data corresponding to 50

or 70% speed data.

Deviation angle does not appear to be affected by Mach number with
the possible exception of the 90% span data in figure V=12, The data

in this figure indicate a systematic trend of increasing deviation/incidence

angle rate with increasing rotor speed (Mach number). The D-factor values
corresponding to design rotor speed are consistently higher than those

corresponding to 50 and 70% design speed.
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¢. Loss Parameter

Loss Parameter,ZBi . o cos Bé/Zo’,is presented as a function of D-factor
in figures V-17a, b, and c¢. NASA correlation curves (reproduced from
Reference 3) for NASA 65-series and circular arc series rotating cascade
minimum loss (reference incidence) data are shown for comparison. The
data are separated in figures V-17a, b, and c¢ according to 70 and 50%

span, 90 and 30% span, and 10% span, respectively.

In general, the minimum loss data appear to be consistent with the
respective NASA correlation curves for minimum-loss data. The 70 and 50%
span data that correspond to incidence angles greater than minimum loss
incidence indicate D-factor loading level values up to 0.51 at loss parameter
levels that are equivalent to the NASA minimum-loss correlation curve.
D-factor values as high as 0.64 at loss levels below the NASA curve are
indicated for the blade tip (10% span) data. Although the 90 and 30% span
data are slightly above the NASA correlation curve that includes data for
these span locations, they extend the loading level range to approximately
D = 0.70 without a sharp rise in loss. The results of these comparisons
are very similar to the results obtained with slotted Rotor 1, reported
in Reference 3. The present results tend to support the indication reported
therein that the present slot design and location may be more effective at

high incidence angles than at design incidence.
d. Stress Survey Results

A brief stress survey program was performed with slotted Rotor 2 to
define the bending and torsion stress characteristics over the planned
operating range. Transient recordings of strain gage data as shown in
figure I1I-13 were obtained at each rotor speed condition as the throttle
vanes were actuated to reduce flow rate, and along the choke and an approxi-

mate operating line as shown in figure V-18,

Bending stress levels were less than 5000 psi along the choke and
assumed operating lines as well as the major portions of the constant speed
lines. Stall stresses ranged from 13,100 psi at 50% design speed to
45,000 psi at 100% design speed.
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First bending and torsion vibration frequencies at design rotor speed
were 465 to 490 cps and 1160 to 1250 cps, respectively, which are in good

agreement with the calculated values given in Reference 1.
e. Rotating Stall Results

Rotating stall measurements were obtained with three Kistler pressure
transducers during the stress survey program as the stall region was
approached along each speed line., A typical recording of rotating stall
is presented in figure V-19. Rotating stall at each speed condition was
characterized by a single stall zone that covered half the annulus and
rotated at approximately 20% of the rotor speed. The stall characteristic
for this rotor was abrupt at design rotor speed and relatively abrupt at
70% of design speed. Steady-state data in the stall region were not
obtained at 70 and 100% of design speed due to prohibitive blade stresses.
Stall was relatively gradual at 50% design speed, and two steady-state data

points were recorded, as shown on the overall performance map in figure V-3.
f. Rotor Wake Survey Results

Rotor wake surveys were obtained at three flow conditions along each
speed line: choke, approximately maximum efficiency, and near stall. A
hot-film anemometer probe (figure II1-12) was traversed behind the rotor
from the inner to the outer wall to obtain blade wake definition at several
span locations. A sample of the anemometer output on either side of each
desired radial location was displayed on an oscilloscope so that from
10 to 15 consecutive wake traces for an isolated blade were superimposed.
The oscilloscope display thus established is presented in figures V-20
through V-22. Major scale division of these figures represent 1/2 in. in

the horizontal direction and 60 ft/sec in the wvertical direction.

The large blade wakes in the root region (90% span) at all rotor speed
conditions reflect the relatively high loss coefficients for this span
location. The wake shapes at the other span locations indicate the velocity

deterioration on the suction surface side of the wake (left side of the

wakes in the figures) as stall conditions are approached.
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3. Stator

Stator inlet Mach number and air angle distribution for design rotor
speed data are presented in figure V-23. Calculated design values of these
two parameters are shown for comparison. The design Mach number distribution
is closest to the measured distribution at stall flow conditions. The inlet
air angle comparison shows that the stator was not very well matched to the
rotor. The midspan region operated with 2 to 14 deg less than design
incidence over the flow range. At near design flow conditions the stator
was operating 1 deg above design incidence at the tip (10% span), 4 deg
less than design incidence at midspan, and about 2 deg above design incidence
at the root (90% span). This incidence distribution is not considered to
have adversely affected the rotor evaluation near design flow operating
conditions. Vector diagrams and blade element data as obtained with
unslotted Stator 1 behind slotted Rotor 2 are included in table B-2 for
general information. An analysis of unslotted Stator 1 data will be pre-
sented in a subsequent report under this program as appropriate for com-

parison with slotted stator test results.
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SECTION VI
CONCLUDING DISCUSSION

Blade element data at five radial locations and overall performance
data were obtained for a slotted rotor configuration at several flow condi-
tions, including choke and near-stall, along three rotor speed lines, 50,
70, and 100% of the design speed. Measured slotted rotor pressure ratio
and efficiency were lower than the design values predicted for the same
rotor without slots. Maximum efficiency for the slotted rotor at design
equivalent speed was 88.5% compared with a calculated design efficiency
of 0.90, and the corresponding measured pressure ratio was 1.29 compared
with a design value of 1.35. At design flow conditions, the measured
efficiency was 86%, and the pressure ratio was 1.30. These results
reflect the relatively high deviation angle and loss coefficient in the
blade root region and the high loss coefficient in the tip region. An
apparent flow shift toward the midspan region (particularly from the
root region) is suggested by the relatively low values of efficiency at
the 10 and 90% span positions in table B-2. Stator losses resulted in

a stage maximum efficiency of 83.5% and a stage pressure ratio of 1.27.

The loading levels achieved, as indicated by D-factor, were approxi-
mately equal to the predicted values based on normal deviation angles in
the root and tip regions, and slightly lower than similarly predicted
values at the 30, 50, and 707 span locations. Measured deviation angles
for the slotted rotor were within 1 deg of the predicted values at all
span locations except at 90% span from the tip. At 90% span the measured
deviation angle was about 6 deg more than the predicted value. Measured
loss coefficients for the slotted rotor were comparable to the predicted
values in the middle of the blade, and considerably higher than predicted

values at the root and the tip.

It is difficult to assess the absolute effectiveness of slots on the
basis of comparison of measured performance with the calculated performance
derived from coventional loss and deviation correlations. On the basis of
these comparisons, at design incidence, it might be concluded that the
slot had little, if any, favorable effect on rotor performance. On the

basis of the comparison of measured D-factor and loss parameter with NASA
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design curves from Reference 3, it is concluded that the slots produced
a favorable effect on blade profile loss at incidence angles above the
minimum loss incidence, particularly in the tip region. The fact that
slotted Rotor 2 did not achieve the design pressure ratio calculated for
the rotor without slots is attributed to the flow deterioration in the

blade root region, although the specific cause of this deterioration has

not yet been determined.

Further analysis of the results is in progress to fully evaluate the
possible interaction effects between the slotted rotor and the unslotted
stator. The results of this analysis as they are pertinent to the overall

program objectives will be published in the final report under this program.
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SECTION VII
ILLUSTRATIONS

This section contains the illustrations that have been referenced in

the preceding sections.
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TOP

327.5°

54°

284 5° 75.5°

255.5°

225°

O Wall Static Pressure

A Traverse Wedge Probe, 20°
A Traverse Wedge Probe, 8°
<& Traverse Wake Probe

Probe angular position is measured clockwise from the top.

Figure I1I-7. Instrumentation, Station 1 FD 18596B
(View Looking Downstream)
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Keil Probe *

Wall Static Pressure
Traverse Wedge Probe, 20°
Traverse Wedge Probe, 8°
Traverse Hot Film Probe
Kiel Temperature Probe
Kistler Probe *

Probe angular position is measured clockwise from the top.
*Radial location as a percent of span from tip is denoted by the

number within the symbol

oODBD OO

Figure II1I-8. Instrumentation, Station 2 FD 18595C
(View Looking Downstream)
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TOP

316.9°
43.1°

291.6° 70.9°

316.9°

43.1°

)

105°

O Wall Static Pressure
A Traverse Wedge Probe, 20°

A Traverse Wedge Probe, 8°
& Traverse Wake Probe
Probe angular position is measured clockwise from the top.

Figure III-9. Instrumentation, Station 2A FD 18594B
(View Looking Downstream)
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189°

© Wall Static
O Traverse Wedge Probe, 20°
A Traverse Wedge Probe, 8°
O Kiel Probe =
O Temperature *
Probe angular position is measured clockwise from the top.

*Radial location as a percent of span from tip is denoted by the
number within the symbol

Figure III-10. Instrumentation, Station 3 FD 18597C
(View Looking Downstream)
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Side View

Figure III-12.

Anemometer Probe
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Figure III1-13. Strain Gage Locations
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Figure V-21. Rotor Wake Surveys - 707% Design FD 19354
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PWA FR-2111
APPENDIX A
DEFINITION OF SYMBOLS
GENERAL NOMENCLATURE
AA Flow path annular area, in?
c Chord length, in.
D Diffusion factor
im Incidence angle, deg
M Absolute Mach number
0 Minimum blade passage gap, in.
0¥ Critical blade passage gap, in.
P Total pressure, psia
P Static pressure, psia
q Pressure equivalent of the velocity head, psia
R Reynolds number based on chord length
S Blade spacing, in.
S Blade span, in.
t Blade maximum thickness, in.
U Rotor speed, ft/sec
Y Absolute velocity, ft/sec
W Actual flow rate, lbm/sec
B Absolute air angle, deg
Y Ratio of specific heats
v° Blade~chord angle, deg
5 Ratio of total pressure to NASA standard
sea level pressure of 2116 psf
6° Deviation angle, deg
Nad Adiabatic efficiency
] Ratio of total temperature to NASA
standard sea level temperature of 518.7°R
A-1



¢

w
Subscripts:

0

1

2

2A

Superscripts:

B. SLOT NOMENCLATURE

Pratt & Whitney Rircraft
PWA FR-2111

Blade metal angle, deg
Density, lbm/ft3
Solidity, ¢/S

Blade camber angle, Ky - K2’ deg

Total pressure loss coefficient

Guide vane inlet
Rotor inlet
Rotor exit
Stator exit
Axial component

Tangential component

Related to rotor blade

Mass average value

Slot throat area, in%

Coanda radius, in.

Pressure surface edge radius, in.
Slot leading edge radius, in.
Slot trailing edge radius, in.

Blade thickness at intersection of
slot centerline and mean camber line, in.

Slot capture dimension, in.
Slot throat dimension, in,

Angle formed by slot centerline and mean
camber line, deg
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BLADE ELEMENT TABULATION NOMENCLATURE FOR TABLE B-2

PCT SPAN
DIA
BETA
BETA (PR)
v

vz

V-THETA

V (PR)

V-THETA PR

U

M
M(PR)
TURN
TURN (PR)
UUBAR
DFAC
EFFP
EFF
INCID
DEV

LOSS PARA

Percent span

Diameter, inches

Absolute air angle, degrees
Relative air angle, degrees
Absolute velocity, ft/sec

Axial component of velocity, ft/sec

Tangential components of absolute
velocity, ft/sec

Relative velocity, ft/sec

Tangential component of relative
velocity, ft/sec

Wheel speed, ft/sec
Absolute Mach number
Relative Mach number
Air turning, degrees
Relative air turning, degrees
Loss coefficient
Diffusion factor
Polytropic efficiency
Adiabatic efficiency
Incidence, degrees
Deviation, degrees

Loss parameter
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APPENDIX B
TABULATED PERFORMANCE

The overall performance and percent rotor and stator bleed flow rates

for each test point are presented in table B-1.

Table B-2 presents blade element data for each test point. Definition
of the blade element parameters as tabulated in the computer printouts is

presented in Appendix A.
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